Some quartzose beach sands, collected from the northern part of Niigata district, were examined by thermoluminescence color image (TLCI) analyses. Analyses were performed after purification of the quartz fraction by magnetic separation. Purified samples underwent chemical etching followed by gamma-ray irradiation. The proportion of red TL-emitting grains to blue ones seems to be related to the origin of the respective beach sands. Red TL grains are tentatively attributable to a volcanic dominated source, whereas the blue ones are mainly weathering products of plutonic rocks such as granite. TL-spectrophotometric analyses have been attempted to obtain more quantitative information on the TL-emission of the two different colors for these beach sands. The intensity ratios of red to blue TL were evaluated from analyses of respective glow-curves, corresponding to different wavelength regions. The ratios were concordant with the TLCI parterns. The applications of TLCI and TL-spectrophotometry to geological and archaeological samples are also suggested.
INTRODUCITON
red and blue TL-emitting quartz grains (Hashi moto et al., 1986a) .
When high energy radiation passes through
This TLCI method was applied to the quartz an insulating material, its constituent atoms are grains separated from beach sands.
The TL excited and ionized.
Some of the excited glow-curve analyses, combined with spectro electrons cannot return to their original atomic metric measurements, can make a valuable sites and a small fraction of them are trapped in contribution to our knowledge of the forma lattice defects or by impurity atoms in the tional history of beach sands. matrix.
These trapped electrons can be re excited and diffuse within the insulating material EXPERIMENTAL by heating.
Some of these electrons may combine with positive holes accompanied by Sample preparation for TLCI light emission known as thermoluminescence Several beach sand samples were collected (abbreviated to TL hereafter). In the case. of from the coast in the north of Niigata district geological materials, natural TL intensity can as shown in Fig. 1 . The sand samples were be utilized as an absolute dating technique thoroughly washed, to remove clayey substances (McDougall, 1968; Aitken, 1974) .
and adhered salts, with deionized water and In the course of previous TL investigation of dried in an oven maintained at 60'C. After geological materials, the authors noticed that TL sieving, +32 mesh fractions were collected and from some sliced granites (Hashimoto et Alternatively, an X-ray irradiation was applied using a fluorescent X-ray analysis apparatus (Geiger Flex SX3063P, Rigakudenki Co. Ltd.). By comparison between the Co-60 radiation field and X-ray irradiation position, the absorbed dose of the latter facility was evaluated at 9.42 kGy for 3 min-irradiation.
The TLCI photographic method has been described in detail in previous papers (Hashimoto et al., 1983 (Hashimoto et al., , 1986a .
Sakura-400 (ASA) color films and quartz samples of about 10mg each were used in the experiments.
Measurement of TL-spectrum TL-spectra were measured by using a micro computer-assisted photon-counting system as described in a previous paper (Hashimoto et al., 1986b) . A monochromator (MC-10N, Ritsu) coupled with a drive unit (Model DU-1 A, Ritsu) was installed between a heater device and the photomultiplier tube as illustrated in Fig. 2 . The monochromator was equipped with a diffraction grating of 1,200 grooves/mm and weak TL-light was effectively collected by two focal lenses. The TL from 5-10mg quartz samples was measured over a wavelength region of 200 to 700nm with this system.
RESULTS AND DISCUSSION
Some typical thermoluminescence color images (TLCI) of irradiated quartz grains are presented in Fig. 3 . This figure shows many types of differently colored TL emissions (such as, red, pink, violet, blue and yellow).
The dominant emissions from the quartz grains, however, are red and blue as described already (Hashimoto et al,, 1986b, c From this viewpoint, Fig. 3 implies some interesting information relating to the origin of respective beach sands and the intrinsic pro portions of each color. In the southern district, three beach sands of Nozumi, Maze, and Kakuda beaches are identified as clearly having been supplied from the Shinano River, the longest river in Japan, from aspects of ground configura tion and heavy mineral content.
From their TLCI patterns these three sands have similar proportions of red and blue TLCI. This is consistent with their supply from the Shinano River, which flows through complexly mixed areas consisting of volcanic and plutonic rocks or their weathered equivalents.
Kakumi sample gives the strongest red TL among the samples. Although the appearance of original sands suggests that all three sands originate from the Shinano River, Kakumi Beach is located in a small inlet surrounded by volcanic mountains and has been closed for a long period to the supply of sands derived from other areas (Shirai et al., 1976 ). This sand sample seems to contain mainly native quartz sands which originated from volcanic ashes.
High transparent quartz sand content of Kakumi quartz sands has been shown to correspond to a volcanic quartz origin in preceding TLCI . experiments (Hashimoto et al., 1986a) .
There is an apparent difference between Agano (and Higashi Port) and Shinano River samples; Agano River and Higashi Port sands have an abundant red fraction relative to blue TL grains. This could also imply that the Agano River drains a volcanic dominated source.
In fact, the Agano River does carry much volcanically derived quartzs owing to the eruption of Numazawa volcano in approxi mately 5,000 Y B.P. (Niigata Ancient Dune Research Group, 1978) . On the other hand, the TLCIs from three remaining samples, Tainai, Ara, and Ima rivers, seldom contain the red fraction.
This suggests that the north district of Niigata Prefecture which consists mainly of granitic rock bodies (Asahi mountainous area, with an age range of 60-200 Ma) as the sources of blue TL-emitting quartz sands.
Although these TLCI-patterns may serve to trace qualitatively the origin of quartz, further information should be extracted only from quantitative spectral measurements. From this standpoint, TL-spectrophotometric analyses have been attempted using the spectrophoto metric system illustrated in Fig. 2 . In the course of the TL-spectrophotometry, two difficulties are inevitably encountered; one is sensitivity calibration of the present measuring system over 200-700nm range, and the other is changes of TL-intensity with very weak luminescence or heating.
To overcome the former, a standard light source (JC-24V, Ushio) was employed and detection efficiency was converted into a relative correction factor which was normalized to unity at 400nm as represented in Fig. 4 (A) . The quartz sands from Kakumi Beach were taken as a representative sample showing strong red and weak blue TL-emission, as seen in Fig. 3 , and were spectrophotometrically analyzed. The observed spectra without and with the correc tion are shown in Fig. 4 (A) and (B), respec tively. From the corrected spectrum (B), it was confirmed that this TL-spectrum consists of a blue spectrum part having a peak at around 470nm and red part having a peak at around 600 nm.
It was found, however, that poorer detection efficiency for longer wavelengths results in a weak peak. This longer wavelength region corresponds to the red color region, so that the spectrum areas belonging to each spectrum region are found to be unsuitable for quantitative evaluation of the intensity ratio of red emission to blue one. Another correction based on the change of TL-intensity should be considered for quantitative discussion. These For these reasons, the following procedures were adopted; two wavelength regions, 570-630 and 440-500nm, were selected for measure ments of red and blue TL-quantities, respec tively.
Two separate runs of TL glow-curves were measured over respective wavelength regions and typical results from Kakumi Beach sands are illustrated in Fig. 5 . The red lumines cence (A) tends to give a higher temperature peak although the blue one certainly gives a stronger peak on its lower temperature side (approximately 190'Q and a broad peak in the higher temperature region (B). Similar glow curve tendencies were initially found in quartz contained in a volcanic ash (SK-020, Uonuma standard strata) and a pegmatite quartz rock (Ishikawa-Machi, Fukushima Prefecture) used as representative material giving red and blue TL emission, respectively (Hashimoto et al., 1986a, c) . The total amount of TL-light was evaluated for each sample from this glow-curve and the relative correction factor as indicated in Fig. 4 The results agree fairly well with each other and within the bounds of experimental error. On this basis, five beach sands were used for glow-curve analyses.
The results obtained are summarized in Table 1 . In this table, total luminescence value was evaluated by integrating the differential photon numbers as seen in the red and blue TL glow-curves (cf. Fig. 5 ). The higher temperature region ranging from 240 to 400°C was adopted to avoid TL-decay effects of the lower temperature region relative to the higher temperature side. In the second and third columns, the highest sensitivity of red TL is assigned to the Agano River sand sample whereas the same high sensitivity of blue TL appears in the Ikarashi Beach sands. This evidently Quartz sand samples each .5 mg were subjected to the measurements of glow-curves twice after exposure to a dose of 9.32kGy from a Co-60 source. Two wavelength regions, 570-630 and 440-500nm, were used for the measurement of red and blue TL-glow curves, respectively. The final luminescence values were evalu ated by integrating photon numbers from each glow-curve over the temperature range of 240 to 400°C. R and B represent the reduced photon numbers for I mg sample weight and errors estimated from photon counting statistics. The corrected RIB ratios were computed by applying the relative correction factor.
supports the hypothesis of different origins for red and blue TL-emitting quartz minerals, although apparent sensitivity differences within one order of magnitude are observed among TL-materials of the same color. In general higher TL-sensitive minerals contain many impurities and lattice defects within their crystals, reflecting a relatively rapid rate of crystalization from magma. Using intensity ratios of red to blue TL and a related correction factor, we present corrected ratios of red to blue TL in the last column in descending order beginning with stronger red TL-emission sand samples.
This order may be justified from visual observation TLCI patterns in Fig. 3 ; the highest ratio is for the Kakumi Beach sands, whereas the lowest one is from the Ara River sands. Thus, it should be emphasized that TL coloration from small amounts of quartz sand (5-10mg) should offer us useful information which has been unavailable to other scientific investigation techniques.
Although the basic spectrometric nature of TL has been partially clarified in the present experiments, the distri bution of rare earth elements, responsible for changes of TL-color, yields knowledge related to geological conditions for distribution of rare earth elements among minerals including quartz, formation and/or metamorphic temperature, pressure, and oxygen fugacity (Masuda, 1962; Henderson, 1984) .
In future studies, the present treatments of TL phenomena should be applicable to a variety of geoscientific or related fields since quartz grains exist commonly in many geological samples and are resistant to weathering.
As no change of coloration has been confirmed even after heating the quartz up to 1,200'C, the origin of artificial goods including archaeological pottery could be searched by TLCI observation with glow-curve analyses of constituent quartz grains. In addition, quartz minerals themselves store naturally occurring trapped electrons in lattice defects or impurity atoms.
In the near future, extremely weak TLCI patterns due to de-excitation of naturally trapped electrons will be effectively utilized with the aid of image intensifier spectrophotometry as proposed by Walton (1982) .
Such use of natural TL is recommendable as there is no need to use gamma or X-ray irradiation.
CONCLUSION
The origin of beach sands were clarified by using (Hashimoto et al., 1986a, c) . These newly developed techniques using TL are useful not only in geological investigation, but in those of applied sciences, including archaeology, oceanology and meteorology.
